We investigate the role of steric interactions in defining side chain conformations in protein cores. Previously, we explored the strengths and limitations of hard-sphere dipeptide models in defining sterically allowed side chain conformations and recapitulating key features of the side chain dihedral angle distributions observed in high-resolution protein structures. Here, we show that modeling residues in the context of a particular protein environment, with both intra-and inter-residue steric interactions, is sufficient to specify which of the allowed side chain conformations is adopted. This model predicts 97% of the side chain conformations of Leu, Ile, Val, Phe, Tyr, Trp, and Thr core residues to within 20°. Although the hard-sphere dipeptide model predicts the observed side chain dihedral angle distributions for both Thr and Ser, the model including the protein environment predicts side chain conformations to within 20° for only 60% of core Ser residues. Thus, this approach can identify the amino acids for which hard-sphere interactions alone are sufficient and those for which additional interactions are necessary to accurately predict side chain conformations in protein cores. We also show that our approach can predict alternate side chain conformations of core residues, which are supported by the observed electron density.
Introduction
One of the most incisive insights into the physical basis of protein structure was the work of Ramachandran and colleagues in the 1960s. They showed that steric interactions alone (i.e. the repulsive part of the Lennard-Jones interatomic potential) in an alanine dipeptide determine the allowed backbone dihedral angle (ϕ and ψ) combinations (Ramachandran et al., 1963) . Subsequently, these predicted backbone dihedral angle combinations were confirmed by protein crystal structures (Ramakrishnan and Ramachandran, 1965) . Even today, agreement between the observed ϕ-ψ backbone dihedral angles and the predictions of the Ramachandran plot is a key metric of the quality of protein structures (Laskowski et al., 1993; Chen et al., 2010) .
Although the Ramachandran hard-sphere dipeptide approach defines the sterically allowed backbone ϕ-ψ combinations, it does not specify which of the allowed backbone conformations will be adopted by a particular amino acid in a given protein. The repulsive part of the Lennard-Jones interatomic potential is just one contribution in a more complete potential energy function that would include, for example, hydrogen bonding, hydrophobic, electrostatic, and other interactions with particular relative weights between them (Beauchamp et al., 2012) . However, given the importance of steric interactions that was so convincingly demonstrated in the work of Ramachandran and colleagues, we will employ a similar approach to specify the side chain conformations of amino acids in protein cores.
In this manuscript, we delineate for which residues the hard-sphere model is able to recapitulate the observed side chain conformations and, equally importantly, for which residues is it necessary to include additional interactions.
We believe that this approach provides new insights into the dominant forces that determine the structure of protein cores. Thus, this approach both enhances our fundamental understanding of protein structure and provides new computational methods for protein design applications (Eriksson et al., 1992; Peterson et al., 2014) . In previous work, we demonstrated that the hard-sphere dipeptide model was sufficient to recapitulate the observed (in a database of high-resolution protein crystal structures) side chain dihedral angle distributions of all of the nonpolar, aromatic, and polar amino acids (Zhou et al., 2011; Zhou et al., 2012; Zhou et al., 2013) . This work gave several additional insights: 1) The hard-sphere dipeptide model is sufficient to recapitulate the observed side chain dihedral angle distribution P(χ 1 ) for the polar amino acids Ser and Thr, without including hydrogen-bonding interactions ; 2) The hard-sphere model in the context of a regular α-helix (rather than a dipeptide mimetic) improved the quantitative agreement between the predicted and observed side chain dihedral angle distributions for several amino acids, such as Ile and Phe ; 3) The hard-sphere dipeptide model identifies mechanisms for transitions between different allowed main chain and side chain dihedral angle conformations (Caballero et al., 2014; Caballero et al., 2015) ; 4) Although the hard-sphere dipeptide model correctly predicts the observed side chain dihedral angle distributions P(χ 1 ) and P(χ 2 ) for Met, weak attractive interactions between hydrogens must be included to recapitulate the observed χ 3 distributions (Virrueta et al., 2016) . These studies provide the scientific underpinning for the work we describe here, where we explore the strengths and limitations of the hard-sphere model with both intra-and inter-residue steric interactions to predict the side chain dihedral angle conformations adopted by particular amino acids in the context of protein cores.
Below, we show that the hard-sphere model with both intra-and inter-residue steric interactions predicts to within 20° the side chain dihedral angle conformation of 97% of Leu, Ile, Val, Phe, Tyr, Trp, and Thr core residues. We also gained several other interesting insights. Although the hard-sphere dipeptide model can correctly predict the allowed side chain dihedral angle distributions P(χ 1 ) for both Thr and Ser, the hard-sphere model with both intraand inter-residue steric interactions does not accurately predict the side chain conformations for Ser in protein cores, even though it does for Thr. From this observation, we conclude that the positioning of Thr side chains is dominated by steric interactions (which we rationalize as being due to the presence of a bulky methyl group on C β ). In contrast, the positioning of the smaller Ser side In addition to predicting high-occupancy side-chain conformations that match those in reported crystal structures, in some cases we predict additional allowed conformations. We further investigated this observation by analyzing the electron density distributions around those side chains. We found that for a few structures in the database of high-resolution protein crystal structures we studied, models with multiple side chain conformations had been deposited. In other examples, although the deposited model only included a single conformation for that residue, when we calculated electron density from the deposited structure factor, we sometimes observed electron density corresponding to an alternate conformation. In all cases where the electron density supports the existence of alternate conformations, our method predicts them.
In this manuscript, we will demonstrate that steric repulsion dominates the energetics and effectively specifies the side chain conformations of amino acids in protein cores (Ponder and Richards, 1987; Lim and Sauer, 1989; Joh et al., 2009) . Our studies also reveal in which amino acids this effect is apparently significantly offset by other forces, and the power of this approach in revealing unappreciated alternative side chain conformations.
Materials and Methods (a) Datasets of protein crystal structures
In this study, we employed two ultra-high resolution databases of protein crystal structures: 'Dunbrack 1.0 Å' (Shapovalov and Dunbrack, 2011) and 'HiQ54' (Leaver-Fay et al., 2013) . For both databases, the crystal structures possess few bond-length, bond-angle, and backbone dihedral angle outliers. The HiQ54 database is composed of 54 non-redundant, single-chain, monomeric proteins that possess between 60-200 residues and do not include tightly-bound or large ligands. All of the proteins have both a resolution and MolProbity score ≤ 1.4 Å F o r P e e r R e v i e w . The Dunbrack 1.0 Å database includes 220 proteins from the protein data bank (PDB) with resolution ≤ 1.0 Å, R-factors ≤ 0.2, side chain B-factors ≤ 30 Å 2 , and sequence identity ≤ 50%. We tested the predicted side chain dihedral angle distributions from the hard-sphere model against the distributions observed in the HiQ54 database. The Dunbrack 1.0 Å database was used to construct distributions of bond lengths and bond angles, which were used to construct the side chains for each core residue in the HiQ54 database.
(b) Identification of core residues
Our analyses in this manuscript focus on residues in protein cores. Our definition of a core residue is similar to the one we employed in a recent study of packing in protein cores (Gaines et al., 2016) . For an atom to be classified as a core atom, it cannot have empty space around it where a probe the size of a water molecule (a sphere of radius R=1.4 Å) can fit. We identify all points that are not located inside atoms and are a distance greater than 1.4 Å from the surface of all atoms in each protein using Monte Carlo sampling. The closest atom to each of these points is then designated as a non-core atom. For a residue to be considered a core residue, it must only contain core atoms (including the hydrogens). Using this classification method, we find that as expected Ile, Leu, Val, and Phe have the largest percentages of residues that are classified as core. The fraction of core residues for the eight amino acids (Leu, Ile, Val, Tyr, Phe, Trp, Thr, and Ser) that we study are shown in Table 1 .
Cys and Met also occur in protein cores, but we did not include studies of Cys because of its ability to form disulfide bonds and we did not include studies of Met because weak attractive interactions are necessary to accurately predict the side chain dihedral angle distribution P(χ 3 ) (Virrueta et al., 2016) .
(c) Hard-sphere model
We obtain predictions for the side chain conformations of residues in protein cores using two models: (1) hard-sphere dipeptide mimetic model that only includes intra-residue steric interactions (Figure 1 (a) ) and (2) (Figure 1 (b) ). For (1), we model each core residue in HiQ54 as a dipeptide mimetic (Caballero et al., 2015) . A dipeptide mimetic is a single amino acid (labeled i) plus the C α , C, and O atoms of the preceding amino acid (i-1) and the N, H, and C α atoms of the proceeding amino acid (i+1). Each atom is represented as a sphere with radius σ i /2. We similar to values of van der Waals radii reported in earlier studis (Caballero et al., 2015; Gaines et al., 2016) . All-atom representations of Leu, Ile, Val, Tyr, Phe, Trp, Thr, and Ser residues that we study are shown in Figures S1 and S2
in the Supplementary Material.
To sample bond length and bond angle fluctuations, we performed Langevin dynamics (LD) simulations of hard-sphere models of dipeptide mimetics at temperature T for each core residue in the HiQ54 database (Caballero et al., 2015) . Atoms in the dipeptides interact via four potentials: U bl , U ba , U da , and U rlj .
The harmonic potential ! (Weeks et al., 1971) , where ε R is the energy scale of the repulsive interaction, σ kl =(σ k +σ l )/2, and Θ is the Heaviside step function that ensures that non-bonded atoms do not interact when they are not in contact. The hydrogen atoms were added using the REDUCE software program (Word et al., 1999) , which sets the bond lengths for C-H, N-H, and S-H to 1.1, 1.0, and 1.3 Å, respectively, and the bond angles to 120° and 109.5° for bond angles involving C sp 2 and C sp 3 atoms. Additional dihedral angle degrees of freedom involving hydrogen atoms were chosen to minimize steric clashes. For model (1), for which we only consider intra-residue interactions, we fixed the terminal C α atoms at locations i-1 and i+1, while all other atoms were allowed to fluctuate. The Langevin dynamics (LD) simulations were performed using a velocity Verlet integration scheme (Allen and Tildesley, 1987) for each dipeptide for 10 5 time steps with ∆t=10 -4 t 0 , where
H is the mass of hydrogen, and N s =10 3 snapshots at equal time intervals were saved in which the backbone dihedral angles differed from the corresponding crystal values by less than 10°. The temperature scale k B T/ε R =10 -2 was chosen to be low enough such that the predicted side chain dihedral angle distributions were independent of T (Caballero et al., 2014) .
To efficiently sample the side chain dihedral angle conformations, we evaluate the total repulsive Lennard-Jones energy U rlj (χ 1 ,{,χ n ) for each LD snapshot by rotating the side chain to sample each side conformation(χ 1 ,{,χ n ) in 5° intervals for each χ. For each snapshot s and residue α, we calculate the Boltzmann , and normalize such that p \^_`%, … ,`bc q`%, … , q`b = 1 to determine the side chain dihedral angle distribution for each residue. We can also an average over residues to obtain the side chain dihedral angle distribution \_`%, … ,`bc for each residue type. For the hard-sphere model (2), for which we consider each residue in the context of its protein environment, the methodology is the same as for model
(1), except the total repulsive Lennard-Jones potential U rlj includes all nonbonded atom pairs k and l, where k and l can be located on the same residue or different residues. A comparison of \^_`%, … ,`bc obtained from models (1) and (2) / is the side chain conformation of the residue in the protein crystal structure. For each residue type, we also calculated the cumulative
( ) of side chain conformation differences between the predicted and observed values less than ∆χ, where P(∆χ) is the probability distribution of side chain conformation differences ∆χ.
(e) Analysis of electron density maps
For each protein in the HiQ54 dataset, we used the software package PHENIX (Adams et al., 2010) to extract the observed electron density F o . Using the Computational Crystallography Toolbox (CCTBX) library (Grosse-Kunstleve et al., 2002), we analyzed F o for each core residue. We identify the grid points at which the electron density was above 1.5 standard deviations and set the density at grid points that do not satisfy this condition to zero. For each core residue, we overlay side chain conformations (with bond lengths and angles given by the crystal structure) onto the grid. We then used a tri-linear interpolation to estimate the electron density at each heavy atom location in the side chain. We rotate the side chain to sample all conformations (χ 1 ,{,χ n ) in 5° , where F o (C k ) is the electron density evaluated at the k th carbon, and the product over k=1,{,N includes all carbons in the side chain after C β .
The geometric mean F was computed to eliminate signal redundancy arising from structural symmetries in the side chain conformations. x_`%, … ,`bc was then filtered by setting any values that were below half of the global maximum in F to zero. We then normalized the integral of x_`%, … ,`bc over side chain dihedral angles to unity, p q`%, … , q`b x_`%, … ,`bc = 1.
Results
As discussed in the introduction, the hard-sphere dipeptide model with intraresidue, but not inter-residue steric interactions (Figure 1 ), is able to predict the multiple possible side chain conformations of uncharged residues observed in proteins. However, to predict the specific side chain conformation of a particular residue in the context of the protein core, one must also include inter-residue steric interactions. As an example, in Figure 2 we compare the side chain dihedral angle distribution for Ile residues (a) observed in the cores of protein structures in the Dunbrack 1.0 Å database to the (b) predicted distribution for these same residues using the hard-sphere dipeptide model. In the observed distribution for Ile, the three most highly probable rotamer boxes are 6, 3, and 4.
For the predicted distributions, the same boxes are most probable, but the rotamer probabilities differ quantitatively; for box 6 the difference is 30%.
We show that, for residues in protein cores, the hard-sphere model with both intra-and inter-residue steric interactions can predict with high accuracy their specific side chain dihedral angle conformations. As an example, in Figure 2 (d) we show that the predicted side chain dihedral angle distribution for the hard-sphere model for Ile 56 in PDB 2NWD (with backbone dihedral angles ϕ=-65° and ψ=-29°) is strongly peaked near χ 1 =195°and χ 2 =165°, which is essentially identical to the crystal structure values (indicated by the green cross). In contrast, when using the hard-sphere dipeptide model of this residue (with crystal structure values of ϕ and ψ) side chain conformations in box 4 are conformations, whereas the hard-sphere model with both intra-and interresidue steric interactions, predicts a single strongly peaked side chain dihedral angle distribution located near the crystal structure value. These examples illustrate that dense packing of residues in protein cores selects the particular side chain conformations that occur for each residue (Gaines et al., 2016) .
In Figure 4 (a) and (b), we compare the side chain dihedral angle distribution obtained for the 72 core Leu residues (Table 1) databases differ quantitatively, but not qualitatively. For both databases, the most probable rotamer boxes in order of decreasing probability are 6, 4, 3 and 5. However, the values of the rotamer box probabilities differ quantitatively because the backbone dihedral angle distributions are different for the two databases (Dunbrack and Cohen, 1997; Dunbrack and Karplus, 1994) . We find that the hard-sphere model with both intra-and inter-residue steric interactions is also able to predict the rotamer box probabilities observed in the Dunbrack Figure 5 , we show the cumulative probability distributions C(∆χ) (as defined in Materials and Methods) for all instances of the amino acids Val, Leu, Ile, Phe, Tyr, and Trp that occur in protein cores in the HiQ54 database. The data in Figure 5 shows excellent agreement between the observed and predicted side chain conformations for nearly all instances of these six residues. Specifically, for 97% of all core residues studied, the predicted and observed side chain conformations differ by less than 20°. For Val and Trp, all instances of these residues are correctly predicted to within ≈10°. This level of accuracy for the hard-sphere model is significantly higher than that reported using other scoring functions for rotamer recovery applications (Peterson et al., 2014) .
In addition to the six amino acids (Val, Leu, Ile, Phe, Tyr, and Trp) studied in Figure 5 , we performed the same analysis for the two polar amino acids with hydroxyl groups in their side-chains, Thr and Ser. For both Thr and Ser, we find that the hard-sphere dipeptide model is able to recapitulate the main features of the observed side chain dihedral angle distribution P(χ 1 ). In Figure 6 (b), we
show that the hard-sphere model with both intra-and inter-residue steric interactions predicts the probabilities that are observed in the three rotamer bins to less than 1% for Thr. The results for Ser are not as accurate, but the hardsphere model predicts the probabilities observed in the three rotamer bins to within 5% (Figure 6 (c) ). These results are qualitatively similar to those presented in Zhou et al., 2014 for the hard-sphere dipeptide model for Thr and Ser.
However, we find a significant difference between the accuracy of the hardsphere predictions between Thr and Ser when we consider the cumulative distribution C(∆χ). In Figure 6 (a), we show that the hard-sphere model with both intra-and inter-residue steric interactions predicts the observed side chain dihedral angle χ 1 to within 15° for all instances of core Thr residues in the HiQ54 database. This accuracy is similar to that found for the six previously Figure 6 (a) ). While the hard-sphere model can recapitulate the main features of the observed side chain dihedral angle distribution for Ser on average, the hard-sphere model cannot accurately specify the side chain conformation for each individual core Ser residue.
In contrast to Val, Leu, Ile, Phe, and Trp, the side chains for Tyr, Ser, and Thr include a hydroxyl group, which can form hydrogen bonds with other residues (Baker and Hubbard, 1984; McGregor et al., 1987; Pace et al., 2001 ).
Hydrogen bonds can significantly decrease the oxygen-hydrogen separation below the sum of the oxygen and hydrogen radii (σ O +σ H )/2 used in the hardsphere model. Thus, in the current hard-sphere model, hydrogen bonds are strongly disfavored. We speculate that because the Tyr side chain includes a bulky aromatic ring, the number of sterically allowed side chain conformations for Tyr is small, and because this effect dominates (Pace et al., 2001) , the hardsphere model can accurately predict the side chain conformations for Tyr in protein cores. Similarly, the side chain for Thr includes C β , a hydroxyl group, and a methyl group, while the side chain for Ser only includes C β and a hydroxyl group. We speculate that the methyl group on the Thr side chain significantly limits the number of sterically allowed side chain formations for Thr residues in protein cores and thus the hard-sphere model can accurately predict its side chain conformations. In contrast, Ser side chains are smaller than those for Tyr and Thr and are not similarly constrained by steric interactions. As a result, C(∆χ) for Ser is much below that for Thr and Tyr when we do not include a favorable energy contribution for hydrogen bonding.
For most of the core residues in the HiQ54 database, the side chain distribution predicted by the hard-sphere model possesses a single, strong peak located near the side chain dihedral angle conformation observed in the crystal structure (e.g. Leu 25 in PDB 1JBE shown in Figure 7 (a)). Out of the 341 core residues we studied (excluding Ser), the side chain dihedral angle distributions predicted by the hard-sphere model for 31 of those residues (9%) possess Figure 7 (b).
Since the hard-sphere model occasionally predicts multiple side chain conformations for core residues in HiQ54, we also analyzed the deposited electron density maps to determine whether there is experimental evidence that these residues do indeed sample multiple conformations. For most of the residues where the hard-sphere model predicts a single, strong peak (e.g. Leu 25 in PDB 1JBE shown in Figure 7 (a)), we find that the electron density displays only one side chain conformation that agrees with the predicted value.
In the left column of Figure 7 (b) and (c), we show two cases (Leu 74 in 2OSS
and Leu 68 in 2V1M) where the hard-sphere model predicts two side chain conformations. For Leu 74 in 2OSS, two models for the side chain conformation were deposited that fit the electron density, and these match the two side chain conformations predicted by the hard-sphere model. For 2V1M, a model with only a single side chain conformation for Leu 68 has been deposited (χ 1 =292°,
), yet our analysis shows that there is electron density corresponding to both conformations (χ 1 =292°, χ 2 =67° and χ 1 =313°, χ 2 =190°) predicted by the hard-sphere model (center and right columns of Figure 7 (c)). Out of the 31 residues for which the hard-sphere model predicts multiple side chain conformations, our analysis of the electron density suggests that six of these residues sample multiple conformations. However, multiple side chain conformations have been deposited in the PDB for only one of these six residues.
There are a total of seven non-Met core hydrophobic residues in the HiQ54 database for which multiple side chain conformations have been deposited in the PDB. The hard-sphere model predicts the same multiple side chain conformations that have been deposited for three of the seven residues. The hard-sphere model shows that one of these residues (Ile 37 in PDB 1Z2U)
should not be modeled with two conformations using an electron density threshold of at least 1.5 standard deviations (see Figure S3 in Supplementary Material). Multiple side chain conformations for the remaining four residues are 
Discussion
Our work represents an important step in a systematic approach for quantifying and understanding the dominant forces that specify protein structure. In prior work on dipeptide mimetics Caballero et al., 2015) , we demonstrated that steric interactions specify the allowed side chain conformations in nonpolar, aromatic, and polar residues. Our predictions based on dipeptides mostly correspond with the side chain dihedral angle distributions observed in protein crystal structures. By investigating in detail where the predicted and observed distributions differ, we gain new insights into the energetics of protein structure.
In this manuscript, we employ the hard-sphere model in the context of the environment of protein cores. Whereas in prior work, we focused on identifying all sterically allowed conformations as determined in a dipeptide mimetic, here we predict the particular side chain conformations that individual Leu, Ile, Val, Phe, Tyr, Trp, Thr, and Ser residues adopt in protein cores.
Our studies have revealed four fundamental insights: 1) Steric interactions are the dominant force in specifying side chain conformations of residues in protein cores. 2) For 6 of the amino acids frequently (≈81%) found in protein cores (Leu, Ile, Val, Phe, Tyr, Trp, and Thr) steric considerations alone allow us to predict 97% of their side chain conformations to within 20°.
3) The hard-sphere model with both intra-and inter-residue steric interactions provides accurate predictions for Thr, but not for Ser. We speculate that steric interactions dominate for Thr residues because of the methyl group on C β and thus hydrogen-bonding plays a minor role in specifying Thr side chain conformations.
Conversely, we find that steric interactions are insufficient to specify the side conformations of Ser residues in protein cores. Steric interactions are not as (Lang et al., 2010) . In some cases, models have been deposited with multiple side chain conformations for a particular residue. For these, the hard-sphere model also predicts the multiple conformations and an analysis of the electron density is consistent with the predictions. In other cases, we have identified residues for which the hard-sphere model predicts multiple conformations and the electron density is consistent with multiple
conformations, yet the deposited crystal structure model only includes one conformation. In some cases there is no electron density corresponding to alternate conformations predicted by the hard-sphere model. For these, we speculate that transitioning between the two conformations is prohibitive at temperatures for which the structure was crystallized. It will therefore be important to investigate the temperature dependence of multiple occupancy side chain conformations in protein crystal structures and compare such experimental results with our predictions. (Rasmussen et al., 1992; Tilton et al., 1992; van den Bedem et al., 2013; Keedy et al., 2015) . 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Shapovalov and Dunbrack, 2011) (panel (a) ) and the distribution predicted using the hard-sphere dipeptide model for the same residues (panel (b)).
Comparison of the side chain dihedral distributions P(χ 1 ,χ 2 ) for Ile 56 in PDB 2NWD predicted using (c) the hard-sphere dipeptide model and (d) the hardsphere model that includes both intra-and inter-residue steric interactions. In (c) and (d), the green cross indicates the side chain conformation of Ile 56 in 2NWD. In all panels, the side chain dihedral angle distribution is normalized such that p q`% q`&\_`%,`&c = 1, the probabilities increase from light to dark, and the percentages give the fractional probabilities in each of the nine square bins. Figure 3 : Comparison of the predicted side chain distributions P(χ 1 ,χ 2 ) for Phe 94 in PDB 1SAU using (a) the hard-sphere dipeptide model and (b) the hardsphere model including both intra-and inter-residue steric interactions. We also compare the predicted P(χ 1 ,χ 2 ) for Val 57 in PDB 1X6X obtained from (c) the hard-sphere dipeptide model and (d) the hard-sphere model including both intra-and inter-residue steric interactions. In (a) and (b), the green crosses indicate the side chain conformation of Phe 94 in 1SAU, the side chain dihedral angle distribution is normalized such that p q`% q`&\_`%,`&c = 1 , and the probabilities increase form light to dark. In (c) and (d), the dotted black vertical lines indicate the side chain conformation of Val 57 in 1X6X and the side chain dihedral angle distribution is normalized such that p q`% \_`%c = 1. In (a) and crystal structure in the HiQ54 database and that predicted using the hardsphere model that includes both intra-and inter-residue steric interactions. For these six residues, we can predict the side chain conformations within ~20° for more than 97% of the core residues in the HiQ54 database. Total number, and the number and percentage of residues designated as core for the neutral, non-polar, and aromatic residues Leu, Ile, Val, Tyr, Phe, Trp, Thr, and Ser in the HiQ54 database (Leaver-Fay et al., 2013) . In Figures S1 and S2, we show stick and space filling models respectively of the dipeptide mimetics for the eight amino acids we studied: N-acetyl-L-X-methylamide, where X indicates Ile, Phe, Val, Tyr, Trp, Leu, Thr, or Ser. Figure S1 : Stick representations of (a) Ile, (b) Phe, (c) Val, (d) Tyr, (e) Trp, (f) Leu, (g) Thr, and (h) Ser dipeptide mimetics. The carbon, nitrogen, oxygen, and hydrogen atoms are shaded green, blue, red, and white, respectively. The side chain dihedral angles χ 1 and χ 2 and several key atoms are labeled. The residues before (i-1) and after (i+1) the ith central residue are labeled at the C α atom. Figure S2 : Space filling representations of (a) Ile, (b) Phe, (c) Val, (d) Tyr, (e) Trp, (f) Leu, (g) Thr, and (h) Ser dipeptide mimetics. The carbon, nitrogen, oxygen, and hydrogen atoms are shaded green, blue, red, and white, respectively. The backbone and side chain conformations for each dipeptide mimetic are the same as those shown in Figure S1 . In Figure S3 , we show the electron density for Ile37 in the protein crystal structure: PDB 1Z2U. For Ile37 in PDB 1Z2U, two model structures have been deposited. However, the electron density shows that one of the model structures is spurious ( Figure S3 (right) ). This is the only core residue in the HiQ54 database with multiple deposited model structures where one of them is not supported by the electron density. In the left panel of Figure S3 , we show that the hard sphere model for Ile37 predicts only one side chain conformation and it is the one corroborated by the electron density, as shown in Figure S3 (middle). Figure S3 : The side chain dihedral angle distribution P (χ 1 , χ 2 ) (left column) predicted using the hardsphere model with both intra-and inter-residue interactions for Ile 37 in protein crystal structure PDB 1Z2U. In the middle column, we show the probability that the observed electron density is above a threshold of three standard deviations as a function of χ 1 and χ 2 for the same residue. In the left and middle columns, the distributions are normalized such that the integral over both side chain dihedral angles is unity. The crosses indicate the two side chain conformations of the models deposited for this PDB structure. In the right column, we display the observed electron density F • (green mesh) for the same residue with the threshold set at three standard deviations, as well as brown connections between side chain atom centers that indicate the side chain conformations for each deposited model. The two deposited side chain conformations are χ 1 = 285
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